Abstract: In present work, the effect of novel blocked mercaptosilane(3-propionylthio-1-propyltrimethoxylsilane) (called hereafter PXT) on structure and dynamic mechanical properties of natural rubber/silica (NR/silica) composites was studied in efficient, semi-efficient and conventional vulcanization systems. Equilibrium swelling method investigation indicates that PXT is able to enhance crosslinking density of composites. The investigation of properties shows that PXT can strengthen the reinforcement of silica for NR vulcanizates and substantially enhance the resistance to flex cracking and abrasion of NR/silica composites. Since PXT possess two functionally active end groups which can chemically react with both silica and rubber, at 2 phr of the PXT content, NR/silica composites possess optimum comprehensive dynamic mechanical properties.
Introduction
Fillers such as silica are often added to rubber to reinforce rubber in commercial applications. The use of silica in rubber compounds improves important compound properties such as tensile strength, cut growth resistance and rolling resistance. A difficulty with using silica as filler is the high energy of mixing due to both poor rubber-filler and strong filler-filler interactions. Many attempts have therefore been made to enhance the rubber-filler interaction. Much attention is given to the use of sulfur-containing silane coupling agents which can promote the rubber-filler interaction via chemical linkage [1] [2] [3] [4] [5] . They possess two functionally active end groups which can produce chemical interaction between silica and rubber. The alkoxy group will react with silanols on the silica surface to form stable siloxane linkage. Alcohol is released as a by-product of the reaction. The sulfur-containing group can participate in sulfur vulcanization leading to chemical linkage with the rubber.
(CH 2 ) 3 Si Crompton Corporation [6] made 8-octanoylthio-1-propyl-triethoxylsilane in which the mercapto group is blocked, i.e., the mercapto hydrogen atom is replaced by octanoyl group. At the beginning of compounding rubber with ingredients, the blocked mercapto silane is latent and inactive to react with rubber chains. During curing, the coupling reactions of the blocked mercaptosilane are triggered by exposure to deblocking agent, generally nucleophile containing a hydrogen atom sufficiently labile such as amines, water in air etc. In previous work [7] [8] [9] , the effect of blocked mercaptosilane on the reinforcement of rubber vulcanizates was studied; little attention is given to a thorough study on their influence on structure and properties of rubber composites in various curing systems.
By choosing various curing systems, the ratio of monosulfide, disulfide and polysulfide linkage can be adjusted to obtain needed properties for various rubber applications. In this work, a novel blocked mercaptosilane -----PXT was utilized for the preparation of NR/silica composites. The reinforcement of NR/silica composites with PXT in various vulcanization systems was compared. It is expected that it has effect on the structure, mechanical and dynamic mechanical properties, abrasion and fatigue properties of composite for various vulcanization systems. The chemical structure of PXT is given in Figure 1 ; the proposed model of producing chemical bonding between NR and silica with PXT is presented in Figure 2 .
Results and discussion

Structure of NR/silica composites -Crosslinking density of NR/silica composites
As can be seen from Figure 3 , in three kinds of curing systems, with a increase in loading of PXT, there is a initial rise and then drop trend for the crosslinking density of the NR/silica composites. Since the dual functional groups on two sides of PXT can react with rubber and silica, it increases crosslinking density. The other reason for the increasing is that the face modification of silica with PXT reduces the adsorption of accelerator and sulfur by silica.
(a) (b) ). However, the excessive PXT is unreacted and acts as plasticizing agent, which weaken the interaction between polymer chains and silica particles. Accordingly, when the content of PXT is over 2phr, V e decreases gradually. As presented in Figure 4 , some silica particles aggregate together forming micron grade grain without PXT, silica filled NR with 2phr exhibits better silica dispersion in elastomer matrix. This is attributed to that PXT can react with the silanol groups on silica surface and weaken hydrogen bonding effect between silica particles. Consequently, PXT improves the dispersion of silica and restrains the aggregation of particles in polymer phase. This result correlates well with the crosslinking density. As shown in Figure 5 , Akron abrasion loss decreases obviously and then increase slightly with an increase in PXT content for three kinds of system, especially for CV system. It is believed that PXT can reinforce the interaction between rubber and silica, resulting in the increase of apparent crosslinking density of NR/silica composites. While PXT is excessive, it weakens the rubber-silica interaction like a plasticizer, leading to the augment of abrasion loss volume.
Morphology of silica dispersion in composites for
Akron abrasion loss of NR/silica composites
Heat build-up and permanent set of NR/silica composites at dynamic compression
As shown in Figure 6 , as the PXT content increases, heat build-up and permanent set reduce initially and rise up after meeting its minimum at 2 phr content of PXT. It can be explained by that in the absence of PXT, the silica particles aggregate into a developed but weak filler network in the matrix due to the hydrogen bonding interaction among the quantities of silanol group on silica surface. In cyclic compression, the network is broken down and reformed continuously, which cause high energy dissipation as heat. The heat generation is also due to the friction between filler and matrix and between filler particles [10] . The face modifications of inorganic filler by PXT lessen agglomeration between particles and weaken the filler network. This has been confirmed by the SEM photomicrograph. Hence it reduces heat dissipation coming from the friction between filler particles and the repeat destruction and reconstruction of the network. It is also because of the more intense interaction between filler and rubber reinforced by PXT. Whereas the overloading part of PXT serve as lubricant, the sliding friction between rubber chains and particles strengthen giving rise to more consumption of energy. As also can be seen in Figure. 6, the type of sulfidic linkages plays important role in temperature rise and permanent set of vulcanizates. The resistance to dynamic compression fatigue of composites at EV system is best of all because monosulfide bond is firmer than disulfide and polysulfide linkage.
Fatigue crack resistance of NR/silica composites
Resistance to flexing crack is one of the essential dynamic properties needed by the rubber articles in dynamic application. Therefore, this property must be achieved at a desired level to obtain a longer service life. It is demonstrated in Figure 7 that for EV and Semi-EV curing system, with PXT loading, the flex cracking resistance is better than the NR/silica composites without PXT. It is believed that PXT can weaken agglomeration of fillers and reduce amount of aggregates resulting in the reduction of point of stresses concentration. In addition, the more intense interaction between NR and silica and more homogeneous distribution of silica block the growth route of crack. While excessive PXT is inactive with silica and serves as a plasticizing agent, it is unfavorable to the resistance to flex cracking. However, flex cracking resistance is progressively improved with the increase of PXT for CV system. 
Conclusions
Effect of PXT on the structure and dynamic mechanical properties of NR/silica composites at various curing system was investigated. Results show that for different curing system, PXT can improve crosslinking density of NR/silica composites and strengthen the reinforcement of silica for NR vulcanizates. PXT substantially improves the resistance to flex cracking and abrasion. At 2 phr of the PXT content, the silica filled NR vulcanizates get optimum comprehensive dynamic mechanical properties at Semi-EV and EV system. For CV system, the crosslinking density and Grade of flex cracking resistance to abrasion and dynamic compression fatigue of silica filled NR vulcanizates present initial enhancement and drop later on continuous addition of PXT, but the flex cracking resistance is progressively improved with the increase of PXT.
Experimental part
Materials
Natural rubber ISNR-3 was used, [volatile matter, 1% (max.) by mass; ash, 1% (max.) by mass; dirt content 0.03% (max.) by mass; nitrogen content 0.6% (max.) by mass; initial plasticity 30 (min.) and plasticity retention index 60 (min.)]. Precipitated silica with specific surface area of 140 m 2 /g was purchased from Jiangxi huiming Co.Ltd. China. PXT was supplied by our laboratory; other materials were of industrial grade.
Synthesis of PXT
PXT was synthesized according to this literature [7] .
Preparation of NR/Silica composites
NR and 30 phr (per hundred rubber) precipitated silica were mixed for 10 min at room temperature with 5 phr ZnO, 2 phr stearic acid, 0~6 phr PXT, 1.5 phr antioxidant 4010NA (N-isopropyl-N'-phenyl-p-phenylene diamine), variable accelerator CBS (Ncyclohexylbenzothiazole-2-sulfenamide) and sulfur (S), in a φ 160×330 mm open mill. The rotors operated at a speed ratio of 1(front): 1.22(back). The compounds were vulcanized in an electrically heated press at 143 0 C for the optimum cure time (t 90 ), which is previously determined with rubber process analyzer (RPA 2000, Alpha Technologies), to obtain the sheets or cylinders of NR/silica composites (PXT 0~6phr).The sheets was made for measurement of crosslinking density and SEM, and the cylinders were for measurement of dynamic compression fatigue. The content of PXT was changed to determine the effect of PXT on the structure and properties of NR/silica composites. In conventional vulcanization (CV) system, the amounts of CBS and S were 0.6 and 2.5 phr, respectively. In semi-efficient vulcanization (Semi-EV) system, the amounts of CBS and S were 1.8 and1.6 phr, respectively. For efficient vulcanization (EV) system, the amounts of CBS and S were 4.0 and 0.5 phr, respectively.
The measurement of crosslinking density
Crosslinking density was determined by equilibrium swelling method. The samples were swollen in hexane at room temperature to an equilibrium state and then removed from the solvent, and the hexane on the surface was quickly blotted off with tissue paper. The samples were immediately weighed on an analytical balance to the tolerance of 1 mg and then dried under vacuum. Assuming the mass loss of the rubber during swelling is the same for all the samples, the volume fraction of rubber in swollen gel (Vr), was determined by the following equation:
where m a and m b is the sample masses before and after swelling, р r and р s is the density of rubber and solvent, respectively, α is the mass fraction of rubber in the vulcanizates.
According to Flory-Rehner equation, M C , the number average molecular weight of rubber between crosslinking sites can be calculated by the following expression:
where χ is the rubber-solvent interaction parameter, assumed to be 0.394. V 0 , the molar volume of hexane, and V e , the concentration of chemical crosslinks.
Scanning electron microscopy (SEM)
The morphology of the composites was investigated by a Philips XL-30FEG scanning electron microscope. Specimens were fractured after immersing in liquid nitrogen for 1min. The fractured surfaces were sputter-coated with gold.
The evaluation of abrasion loss, flex cracking resistance property
Akron abrasion loss was evaluated by a Gao-Tech abrasion tester according to BS 903/A9-1988. Flex cracking resistance was assessed with a Gao-Tech flex tester as per ASTM D 813-59.
Measurement of dynamic compression fatigue and heat build-up
To study the heat buildup and permanent set at dynamic situation of these materials, U-CAN compression flexmeter was used for all compression testing and dynamic mechanical analysis. Cylindrical rubber specimens (25 mm in height and 17.5 mm in diameter) were subjected to repeated compression using a grip at 55 0 C. The frequency of loading was 30 Hz and the stroke (double amplitude) of imposed oscillation was 4.45 mm. The severity of the test was adjusted by varying the static compressive load applied to the sample, and compressive loadings of 24.5 kg were treated. The test procedures were terminated when the sample carried out about 25 min constant load or constant displacement fatigue.
